Abstract. Primary glioblastoma (GBM) is the most prevalent brain cancer, with fast progression and a poor prognosis. Current treatment options are unable to fully manage GBM since it is highly resistant to radiation and chemotherapy, and it cannot be completely removed by surgery. Thus, immunotherapeutic strategies utilizing tumor-infiltrating T cells have been investigated. In the present study, the T-cell response in GBM patients was examined in resected tumor samples and peripheral blood samples by flow cytometry. It was found that tumor-infiltrating T cells represented a rare population in all tumor cells, and were more refractory to anti-cluster of differentiation 3 (CD3) stimulation than their peripheral blood counterparts. A number of strategies were then assessed to boost tumor-infiltrating T-cell proliferation, and it was found that pre-incubation with 20 U/ml interleukin (IL)-2, as well as sequestration of IL-10 in culture, improved tumor T-cell proliferation following anti-CD3 stimulation. The stimulation of blood antigen-presenting cells by lipopolysaccharide, however, did not improve tumor T-cell proliferation. Overall, the present results provided a viable strategy for improving tumor-infiltrating CD3 + T-cell responses in GBM patients.
Introduction
Primary glioblastoma (GBM) is the de novo presentation of World Health Organization (WHO) grade IV glioma without a preexisting lower grade tumor, and is the most frequent glioma subtype, with aggressive progression and a poor prognosis (1) (2) (3) . Genetic alterations, including mutations in epidermal growth factor receptor (EGFR), altered AKT and mammalian target of rapamycin signaling pathways, and environmental factors such as cytomegalovirus infections, have been associated with an increased risk of glioblastoma, but little is known about the induction of the tumor (4, 5) . As GBM is one of the most resistant tumors to radiation and chemotherapy (6) (7) (8) , the most effective treatment option is currently limited to surgical resection; however, complete surgical removal of the tumor is extremely difficult, since tumor cells invade the surrounding brain (9) . Better therapeutic approaches are therefore urgently required.
To overcome the limitations of conventional treatments, the emerging field of immunotherapy has been investigated in GBM as a treatment option. Since mutant versions of EGFR are frequently found in GBM tumors, specific peptides contained in EGFR mutations have been investigated for use in vaccines (10, 11) . However, a number of significant challenges remain. GBM patients are profoundly immunosuppressive, both locally within the tumor and systemically (12) . Multiple mechanisms exist to suppress effective immune responses targeted toward the tumor, including the blood-brain barrier that restricts lymphocyte trafficking (13) , the local production of immunosuppressive cytokine transforming growth factor β (14, 15) , the increased expression of B7-H1 in glioma and the induction of T-cell apoptosis (16, 17) , the increased frequency of circulating regulatory T cells (18) and defective T-cell priming by microglial cells (19) . On the other hand, stronger immune responses are associated with lower glioma incidences and/or increased survival. The incidence of glioma is inversely associated with allergies (20) (21) (22) . Patient survival has been positively associated with the infiltration of effector T cells (23, 24) . Coexpression network analysis has also linked a series of immune-associated genes with GBM pathology and/or patient survival (25) . Together, these studies suggest that an effective immune response mediated by tumor-infiltrating cells in the immune system can positively impact GBM outcome, but the manner in which to overcome the immunosuppressive microenvironment in GBM tumors remains a significant challenge for developing T-cell-based immunotherapies.
The present study examined the functions of tumor-infiltrating cluster of differentiation 3 (CD3) + T cells in resected GBM tumors. It was found that compared with + T cells were highly refractory to direct T-cell receptor stimulation by anti-CD3 antibodies, and that using autologous blood antigen-presenting cells (APCs) did not rescue the tumor T-cell responses. The study then investigated a number of strategies to improve the tumor T-cell response in vitro, and found that long-term interleukin (IL)-2 stimulation, as well as depletion of IL-10 in culture, can rescue tumor-infiltrating CD3 + T-cell proliferation in a subset of GBM patients. The study also examined whether stimulating APCs with Toll-like receptor (TLR) 4 ligand lipopolysaccharide (LPS) can improve APC stimulation, and found that LPS stimulation on autologous blood APCs did not improve the proliferation of the tumor-infiltrating T cells. These results provided a viable strategy for improving tumor-infiltrating CD3 + T-cell responses in GBM patients.
Rescuing defective tumor-infiltrating T-cell proliferation in glioblastoma patients

Materials and methods
Subjects.
A total of 23 GBM patients, graded according to the WHO classification (2), were recruited for the study, including 16 males between 33 and 52 years of age, and 7 females between 35 and 55 years of age. No patients were taking any other forms of medication at the time. All patients provided written informed consent. The study was approved by the Ethical Board of the General Hospital of Shenyang Military Area Command of the Chinese People's Liberation Army (Shenyang, Liaoning, China). Not all patients were included in all experiments due to the low numbers of tumor-infiltrating T cells. Peripheral blood samples were obtained on the day of diagnosis prior to any treatment, and resected tumors were obtained by surgery. Efforts were made by the neurosurgeon to preserve healthy brain tissues during surgery, so small amounts of normal brain tissues were available in only 5 patients. Peritumoral tissues were not characterized as normal brain. Tumor and brain tissues were inspected intraoperatively by experienced neurosurgeons to confirm their identity prior to laboratory submission.
Sample preparation. Freshly isolated tumor tissue was mechanically dissociated and passed through a 70-mm pore size mesh, followed by collagenase digestion to obtain a single-cell suspension (19) . For harvesting the brain/tumor mononuclear cells, homogenized brain/tumor cells were centrifuged across a 70-30% Percoll gradient at 500 x g for 30 min at 18˚C, as previously described (26) . Efficacy was confirmed by flow cytometry (Fig. 1A) . For peripheral blood mononuclear cell (PBMC) isolation, heparinized blood was subjected to Ficoll-Hypaque gradient centrifugation. Purified peripheral blood APCs were obtained using a Pan Monocyte Isolation kit following the manufacturer's instructions (Miltenyi Biotec Inc., Cambridge, MA, USA) (27) . Only fresh samples were used. The culture medium used was RPMI 1640 supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 µg/ml streptomycin and 2mM L-glutamine, unless otherwise specified. Proliferation assay. PBMCs or tumor leukocytes were labeled with carboxyfluorescein succinimidyl ester (CFSE) according to the manufacturer's protocol (Thermo Fisher Scientific Inc.), and then placed in a 96-well plate at 10 5 cells per well in 200 µl culture medium. The cells were incubated for 6 days at 37˚C in 5% CO 2 . Upon harvesting, the cells were stained with surface antibodies, and the percentage of proliferating cells, a.k.a., CFSE lo cells, in all CD3 + T cells was measured using FlowJo software (version 10.0.7r2; FlowJo LLC, Ashland, OR, USA). For IL-2 pre-incubation, recombinant human IL-2 protein (Thermo Fisher Scientific Inc.) was added accordingly in culture medium prior to CFSE-labeling. IL-2-containing medium was replaced every 3 days for time course experiments for a maximum of 9 days. For LPS stimulation of APCs, purified peripheral blood APCs were first incubated in culture medium with 2 µg/ml LPS for 3 days, after which the APCs were washed and added to the CFSE-labeled tumor cells.
Antibodies
Statistical analysis. Unequal variance t-tests were used for comparison between two groups. One-way analysis of variance was used for comparisons between multiple groups, and if the groups were significantly different, Tukey's multiple comparisons test or Dunnett's test was used. Paired tests were used for comparisons between different conditions on the same sample from the same subject. All statistical analyses were performed using Prism 6.0 software (GraphPad Software Inc., La Jolla, CA, USA). Bars represent the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference.
Results
Tumor-infiltrating CD3
+ T cells are rare in GBM tumors and exhibit a lower CD8-to-CD4 ratio than their peripheral blood counterparts. First, the lymphocyte composition was examined in resected tumors from 17 GBM patients by flow cytometry. Surrounding normal brain tissues attached to the tumor resection were also obtained in 5 out of 17 patients. It was found that CD3 + T cells represent a rare population in tumors and normal brain tissues, accounting for 0.005-0.23% of all tumor cells and 0.0009-0.005% of brain cells (Fig. 1A and B ). In the 5 GBM patients with tumor and brain samples, the frequencies of tumor-infiltrating CD3 + T cells were directly correlated with that in the normal brain (Fig. 1C) . CD3 + T cells can be categorized into CD8 + T cells, which are primarily recognized as cytotoxic T cells and are assessed in various immunotherapeutic strategies to eliminate cancerous cells, and CD4 + T cells, which are primarily known as helper T cells. Notably, within the CD3 + T-cell compartment, the CD8-to-CD4 ratio was significantly downregulated in the tumors compared with that in the autologous blood of GBM patients (Fig. 1D) . The CD8-to-CD4 ratios in the tumor and blood samples of the same patient were not correlated (Fig. 1E) .
+ T cells in GBM are highly refractory to proliferation by anti-CD3 stimulation, independent of APC stimulation. Due to the low numbers of T cells observed in the resected tumors, proliferation responses in tumor T cells and peripheral blood T cells were then examined by CFSE staining. It was found that peripheral blood T cells and tumor T cells have significantly increased proportions of CFSE lo cells following 6 days of stimulation by anti-CD3 monoclonal antibodies ( Fig. 2A and B) . Although no significant background differences were observed between tumor T cells and peripheral blood T cells when incubated in medium, the peripheral blood T cells exhibited significantly higher proportions of CFSE lo cells than the tumor T cells following anti-CD3 stimulation.
It was hypothesized that the lower proliferation of tumor-infiltrating T cells in GBM patients may be due to ineffective stimulation by tumor APCs in the tumor cell culture, since previously, glioma-infiltrating microglia cells were shown to be defective at stimulating allogeneic T cells, possibly due to low expression levels of costimulatory molecules CD80/CD86 and CD40 (19) . To test this hypothesis, APCs were first isolated from 13 peripheral blood samples, and then autologous APCs were added into tumor leukocyte or PBMC cultures at 1-to-1 APC-to-tumor leukocyte or PBMC ratios. Again, it was found that the tumor-infiltrating T cells underwent significantly less proliferation following anti-CD3 stimulation compared with the autologous peripheral blood T cells in the same patient (Fig. 2C) . Furthermore, since CD80/CD86 signaling acts by clustering CD28 molecules expressed on the T-cell surface, in a separate experiment, anti-CD28 antibodies were added together with anti-CD3 antibodies during incubation, and it was found that tumor T cells still underwent less proliferation than blood T cells from the same patient (Fig. 2D) .
In conclusion, a defect in proliferative responses was observed following anti-CD3 stimulation in tumor-infiltrating T cells in GBM patients. This defect was independent of APCs and of stimulation by anti-CD28 antibodies.
Tumor-infiltrating T-cell proliferation can be rescued by long-term IL-2 stimulation and with IL-10 neutralization.
Next, an attempt was made to rescue tumor-infiltrating T-cell proliferation in GBM patients. IL-2 provides survival and proliferation signals to activated T cells through IL-2 receptor signaling (28) . Resected tumor leukocytes were obtained from 6 newly recruited GBM patients and were cultured in medium supplemented with different concentrations (from 0-20 U/ml) of recombinant IL-2 for 3 days, after which the cells were stained with CFSE and stimulated with anti-CD3 antibody for 6 days. It was found that tumor-infiltrating T-cell proliferation was significantly higher when the T cells were pre-incubated with 20 U/ml IL-2 compared with 0 U/ml (Fig. 3A) . The study also examined the effect of pre-incubation time in rescuing tumor-infiltrating T-cell responses, and found that the longest pre-incubation period with 20 U/ml IL-2 (9 days) most effectively increased the proliferation of the tumor-infiltrating T cells, although 
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pre-incubation for 3 or 6 days also enhanced proliferation (Fig. 3B) . Previous studies found that IL-10 production by tumor-infiltrating microglia cells was elevated in the serum and microglia cells of glioma patients compared with healthy controls (29, 30) . In the present study, in order to reduce potential inhibition by IL-10, an attempt was made to sequester the IL-10 in culture by adding anti-IL-10 monoclonal antibodies. It was found that in 5 out of 6 patients, proliferation was enhanced with the addition of anti-IL-10 antibodies (Fig. 3C ), but this result was not statistically significant.
Treatment with LPS does not improve APC-stimulation of tumor-infiltrating T cells.
It has been shown that LPS stimulation of blood APCs, but not glioma-infiltrating microglia cells, could enhance the proliferation of allogeneic T cells (19) . The present study examined whether the LPS stimulation of peripheral blood APCs could enhance the proliferation of autologous tumor-infiltrating T cells under anti-CD3 stimulation. Unexpectedly, in 4 out of 6 subjects, pre-treatment with LPS on peripheral blood APCs reduced the proliferation of the tumor-infiltrating T cells (Fig. 4) . It was therefore not found that LPS could enhance peripheral blood APC-mediated stimulation of tumor-infiltrating T-cell proliferation.
Discussion
Current treatment of GBM is limited by the resistance of the tumor to radiation and chemotherapy. Moreover, surgical removal of the tumor often fails to completely remove tumor tissues, since tumor cells invade the surrounding normal brain tissues (6) (7) (8) (9) . To resolve these difficulties, therapeutic options using tumor antigen-specific T cells have been investigated, but their application has been a daunting challenge due to the existence of the blood-brain barrier and the immunosuppressive microenvironment inside the tumor. The main goal of the present study was to examine various options to enhance tumor-infiltrating T-cell responses in GBM. It was first observed that the number of tumor-infiltrating T cells was extremely low in the resected tumor and the surrounding normal brain tissues. Also, although peripheral blood T cells were previously described as exhibiting immunosuppression with increased percentages of regulatory T cells (18) , the present found that the tumor-infiltrating T cells were more suppressed than their peripheral counterparts in terms of proliferation following anti-CD3 stimulation. Local activation of infiltrating T cells by tumor antigens and their subsequent proliferation are considered beneficial for anti-tumor responses; therefore, the present study examined a number of strategies to enhance the proliferation by tumor-infiltrating T cells. It was found that by manipulating IL-2 concentrations and their pre-incubation time Previous studies have shown that the capacity of glioma-infiltrating microglia cells to be stimulated by TLRs, to secrete cytokines and to upregulate costimulatory molecules are impaired; thus, these cells are less effective at stimulating and supporting T-cell responses (19) . The present study found that the lower proliferation did not appear to be solely due to the ineffective stimulation by tumor microglia, since the addition of blood APCs in the cell culture did not resolve the difference in the proliferative response between tumor T cells and autologous blood T cells. A previous study has also shown that LPS-stimulated peripheral blood APCs can induce allogeneic T-cell proliferation more effectively than unstimulated APCs (19) . In the present study, however, it was found that tumor T cells from 4 out of 6 subjects actually underwent less proliferation when the autologous blood APCs were stimulated with LPS. This discrepancy may have resulted from the fact that in the present assay, LPS were added for 3 days and were washed away prior to the APC T-cell coculture, while in the previous study (19) , LPS were added concurrently during the coculture, and therefore, direct stimulation on the allogeneic T cells by LPS cannot be ruled out. More importantly, since LPS stimulation of APCs was found to increase IL-10 production under certain conditions (31), we speculate that in GBM patients, where systemic immune suppression has been observed (12) , LPS may have further enhanced the regulatory phenotype of patient APCs.
Further studies are required to examine the activity of APCs in GBM patients under various stimulatory conditions Tumor leukocytes were stained with CFSE and stimulated with 2 µg/ml anti-CD3 antibody for 6 days. Concurrent with the addition of anti-CD3 antibodies, 2 µg/ml anti-human IL-10 monoclonal antibody or isotype control antibody were added (paired t-test). NS, not significant; IL, interleukin; CD, cluster of differentiation; CFSE, carboxyfluorescein succinimidyl ester. Figure 4 . Proliferation of TI T cells when incubated with PB APCs. Six patients were included and each bar represents one subject. Purified blood APCs were pre-incubated without or with 2 µg/ml LPS for 3 days and then added to autologous tumor leukocyte culture. The cells were then labeled with CFSE and stimulated with anti-CD3 antibodies for 6 days. Data were normalized against the results without LPS in each patient (paired t-test). NS, not significant; TI, tumor-infiltrating; PB, peripheral blood; APC, antigen-presenting cell; LPS, lipopolysaccharide.
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and to assess their efficacy in stimulating autologous T-cell responses for potential T-cell-mediated immunotherapy.
